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Summary 
The a mating type locus of the phytopathogenic fun- 
gus U. maydis controls fusion of haploid cells and fila- 
mentous growth of the dikaryotic mycelium. The a lo- 
cus exists in two alleles, termed a7 and a2, which are 
defined by nonhomologous DNA regions comprising 
4.5 kb for al and 8 kb for a2, flanked by identical se- 
quences. Based on functional assays, mutants, and 
sequencing, we demonstrate that the mating type in 
each allele is determined by a set of two genes. One 
encodes a precursor for a lipopeptide mating factor, 
and the other specifies the receptor for the pheromone 
secreted by cells of opposite mating type. Thus, U. 
maydis employs a novel strategy to determine its mat- 
ing type by providing the primary determinants of cell- 
cell recognition directly from the mating type locus. 
Introduction 
The sexual cycle of the basidiomycete Ustilago maydis, 
the causative agent of corn smut disease, is initiated by 
the fusion of two haploid cells. This leads to the formation 
of a filamentous dikaryotic mycelium that is able to infect 
corn plants and to induce tumors. The life cycle is com- 
pleted in the corn plant by the production of large numbers 
of diploid teliospores. Upon germination, meiosis occurs, 
and haploid sporidia are produced. These haploid cells 
can be propagated on artificial media where they multiply 
vegetatively by budding (for reviews see Christensen, 
1963; Banuett and Herskowitz, 1968). When compatible 
haploid lines are mixed, they produce a characteristic 
white filament of aerial hyphae (Fuz+ phenotype) on solid 
complete medium containing charcoal (Figure 1A) (Day 
and Anagnostakis, 1971; Holliday, 1974). 
The fusion of haploid cells and the stable maintenance 
of the filamentous dikaryon are controlled by two unlinked 
mating type loci designated a and b. Only haploid cells 
differing at both loci can mate and form the infectious di- 
karyon (Flowell, 1955). The multiallelic b locus has been 
shown to govern pathogenicity and, together with a, is 
responsible for the hyphal growth of the dikaryon on artifi- 
cial media(Puhalla, 1969, 1970; Dayet al., 1971; Holliday, 
1961; Rowell and DeVay, 1954; Banuett and Herskowitz, 
1989). Several alleles of the b locus have been cloned, 
and their initial molecular analysis has revealed that they 
code for proteins containing a homeodomain-related motif 
(Kronstad and Leong, 1989; Schulz et al., 1990; Kronstad 
and Leong, 1990). Subsequent analysis has demonstrated 
that the b locus encodes asecond regulatory protein. Both 
polypeptides contain a variable region at the N-terminus 
and a constant region at their C-terminal end. Pairwise 
combinations of these two multiallelic proteins regulate 
pathogenic development (Gillissen et al., 1992). 
The a mating type locus, which has only two alleles, a7 
and a2, has been proposed to control the fusion of haploid 
cells (Rowe11 and DeVay, 1954; Rowell, 1955; Puhalla, 
1969). In addition, heterozygosity at both the a and b loci is 
necessary to maintain filamentous growth of the resulting 
dikaryon, indicating that the a locus has a regulatory func- 
tion even after fusion has occurred (Banuett and Herskow- 
itz, 1989). 
The a mating type locus of U. maydis has recently been 
cloned, and the molecular analysis revealed that both al- 
leles consist of large regions of DNA that have no similarity 
to each other (Froeliger and Leong, 1991). The functions 
required for mating type activity reside on small parts of 
the nonhomologous regions located near the boundaries 
to the flanking sequences (Froeliger and Leong, 1991). 
Hence, the genomic organization of the a locus is very 
similar to that of the mating type locus of the filamentous 
fungus Neurospora crassa (Glass et al., 1990; Staben and 
Yanofsky, 1990). In this fungus, mating identity has been 
attributed to single open reading frames (ORFs) encoding 
proteins that show some homology to the MATal polypep- 
tide of Saccharomyces cerevisiae (for review see Her- 
skowitz, 1969) and the mat-MC polypeptide of Schizosac- 
charomyces pombe (Kelly et al., 1988), respectively, 
suggesting that they have a regulatory function inside the 
cell (Glass et al., 1990; Staben and Yanofsky, 1990). 
Here we present evidence that the a mating type locus 
of U. maydis contains structural genes for mating phero- 
mones and their receptors. The mating type is thus deter- 
mined by directly providing the components involved in 
cell-cell signaling. 
Results 
Cloning and Molecular Analysis of the a Alleles 
To clone the a 7 locus we have used a functional assay that 
exploits the ability of U. maydis to behave as a double 
mater, i.e., to mate with strains of either a mating type, 
when both a alleles are present in the same cell. This 
phenotype has been observed for diploid strains that are 
heterozygous at the a locus and homozygous at b (Banuett 
and Herskowitz, 1989). A cosmid library derived from 
strain FBDl l-21 (al/a2 b2/b2) was transformed into the 
haploid recipient strain FB2 (a2 b2). By replica mating with 
FB6a (a2 bl) and FBl (a7 bl), one transformant could be 
isolated that showed a double mater phenotype and hence 
had received a functional a7 gene. The a7 mating type 
activity could be attributed to a 10 kb BamHl fragment 
(pHLNlOB-al; see Figure 1A and Experimental Proce- 
dures). The a2 allele was isolated from a genomic h library 
by using the 10 kb a7 fragment as probe (see Experimental 
Procedures for details). Comparison of restriction maps 
and Southern analyses showed that the two a alleles are 
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Figure 1. Functional Tests for the Pheromone 
and Receptor Genes 
Saturated cultures were spotted on charcoal- 
containing medium and incubated for 36 hr at 
room temperature. Theoccurrence of the white 
filament (FLU+ phenotype) indicates a success- 
ful mating reaction. The genotypes of the 
strains are indicated; parentheses are used for 
genes introduced by transformation. The fol- 
lowing strains were used: FBl (a1 bl), FB6b 
(al b2), FB6a (a2 bl), FB2 (a2 b2), FBD12-3 
(al/a2 bllbl), and FED1 l-7 (al/a7 bl/b2). 
(A) Double mater phenotype of a7 and mfal 
transformants in FB2. a2 b2 (al) is FB2 (a2 b2) 
transformed with pHLNlOB-al spanning the 
entire a7 allele; a2 b2 (mfal) is FB2 trans- 
formed with pHLmfalA1 containing only the 
mfal gene. Strains were spotted alone (upper 
row) and cospotted with strains indicated on 
the left. 
(B) Phenotype of insertion mutants in the a7 
allele. Genes inactivated by transposon inser- 
tion are indicated by crossing out their names. 
The mfal mutant strain is RK1765 (a7 mfal:: 
Tn5H#l b2), and the pral mutant strain is RK1786 (a7 pral::TnSH#3 b2); both were cospotted with strains indicated at the top and were spotted 
alone. 
(C) Phenotype of mfa2 and pm2 transformants in FBDl l-7 (al/a7 bl/b2). The mfa2 gene was introduced on plasmid pHLmfaPA1, and the pra2 
gene was introduced on plasmid pHLpra2. FBDll-7 was spotted as control. 
(D) Phenotypes of transformants that have received a functional receptor gene. al bl (pra2) and al b2 (pra2) are FBl and FB6b, respectively, and 
both were transformed with the pfa2 gene on pHLpra2. The transformed strains and control strains were cospotted as indicated at the top and on 
the left. 
defined by large DNA regions that have little or no se- 
quence homology to each other but occupy the same chro- 
mosomal location. The DNA sequences unique to each 
mating type comprise about 4.5 kb for a7 and 8 kb for the 
a2 allele (Figure 2). This result confirms data by Froeliger 
and Leong (1991). We have sequenced the border regions, 
and the alignment revealed that the transition between 
identical and dissimilar sequences occurs within a stretch 
of 100-200 bp. Within these boundary regions identical 
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Figure 2. Genomic Organization of the a Locus 
The a7 allele shown corresponds to the cloned 10 kb BamHl fragment. 
The nonhomologous DNA sequences specific for each allele are indi- 
cated by open bars and comprise 4.5 kb for a7 and 6 kb for a2. The 
mfa and pra ORFs are indicated by stippled boxes, and the arrows 
denote direction of transcription. The pra7 ORF is interrupted by three 
intron sequences; the pra2 ORF is interrupted by two intron se- 
quences. The locations of introns in the pra2 gene were inferred from 
the genomic sequence, and those in pral were identified by cDNA 
analysis. Only restriction sites used for subcloning are indicated: B 
(BarnHI), Bs (BspHI), E (EcoRI), H (Hindlll), Hp (Hpal), N (Nsil), S 
(Sphl), Sa (Sacl), X (Xholl). Triangles, Tn5H#l and #3. 
sequences are interrupted by single base pair exchanges 
and small gaps (Figure 3). 
Our next goal was to determine which parts of the nonho- 
mologous DNA regions are required for mating type iden- 
tity. A number of subclones were constructed and tested 
for their ability to induce a double mater phenotype upon 
transformation in haploid strains of opposite mating type. 
A 1 .l kb Hpal-Hindlll fragment from the 4.5 kb a7 locus 
was sufficient to confer a7 mating type behavior (pHL- 
mfal Al ; see Figure 1A). For a2 a 1 .O kb Xholl-Nsil frag- 
ment from within the 8 kb a2-specific DNA was able to 
confer a2 mating type activity (pHLmfa2Al; not shown). 
Both fragments conferring a7 and a2 activity are located 
close to the borders of the dissimilar DNA sequences, 
but occupy positions at the opposite ends (see Figure 2). 
Similar results were described by Froeliger and Leong 
(1991). 
The DNA sequences of the fragments carrying a7 and 
a2 mating type activity were determined (Figure 4) but no 
long ORFs were observed. Therefore, to identify precisely 
the sequences responsible for mating type function, we 
isolated cDNA clones. A hgtl0 cDNA library was con- 
structed from FED1 1-21 (al/a2 b2/b2) poly(A)+ RNA and 
screened with probes specific for a7 and a2. For a7 we 
were able to isolate 11 independent cDNA clones. a2- 
specific cDNA clones could not be detected in this library. 
From the sequence of the a7 cDNA clones, we infer that 
the spliced a7 mRNA is 500 nucleotides long. The a7 tran- 
script contains a short ORF of only 40 amino acids (Figure 
4A). An intron of 90 nucleotides is located downstream of 
the ORF within the 250 nucleotide long untranslated 3’ 
region of the polyadenylated transcript (Figure 4A). Toes- 
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ACCGTGGTAGACTTCATCGTGATGGTTCACGCCAAACGGT~C~CACGA~GATGGAG 
////II/lI/lll/l/llI/III/IIIIIIIlIII//IIII/Il/l/lllllllllllll 
ACCGTGGTAGACTTCATCGTGATGGTTCACGCCAAACGGTAACAAACACGAAAGATGGAG 
AGAGGGAAGAGAGTTGTGGTGG.......GAATGCCAGCTAGGG..GCTAAGTTACGTGG 
/lIIlIlll Ill Ill IIIII I I I I I I I I I I I I I II I////IIIIll 
AGAGGGAAGGGAGTTGCGGTGGTAATCGTGAATGTGAGCTAGGGGCGCC~GTTACGTGG 
CARARAGAGAGCTCGCGACACACGCAGGCGACTCAATTCCGACGACCACCACTAAATGTG 
Ill/l I I Ill / II II I I I I II II 
CAAAA.GCGGGCTGACTGGCGGCGAGATGTGTTGGTCTGCACCTGAGTTCACGAACCTG 
ECORI 
AATCAAGAACCTGACACCAACACCGC ~............................ 
I I I I IIll I BanHI 
AGACTCCGCTASTACCTGCATCACAGTTGTCACGCGACGAC~........... 
4.5 kb . . . . . . . . .._____........_. 
.,.................... 8 kb ,..,..._.._._....,,....,._.. 
sphl 
.,,,.,..................... LESUXACATCGTATTAGTGACTTGTATGATTT 
NsiI I I I III 
._............................ WAGACGCTCTTGTACTCAGTGATGA 
TCGAAGTTGTTCATTTTGCATCTGCTATTGTGTATCTTTGCTCTTGGGTCAACCCTACAG 
I III I I I I I I II II I 
TGCCAATAGTGTGCATAAGAGTAAGGGGTCTCTT'rTGCA 
GGAGAAATGTCTTGATGTTAGCGTGGCTGTCGTGTGAGCCCGAGAGGGTCATCCTTCGAG 
I III1 I I II I I I II I I I I I I I I I I/l/ lllllIl II 
GAGGAAACGCACTAATTGGCG.ATCATTATCACGTGAAACCGAGGAGGTCGTCCTTCGAG 
AGCTGTCGTCATGAGTGACAAGTGATGTTGTGCTCCAAACGG 
i I I / II /lIIII/IIIIII I IIIIIII/II//II/lll III Ill 
AGCT.......AATATGGCAAGTGATGTTGTAC.CCAAACCGTGGGCATCGAACACGAGG 
GATGGAAGCGCCAACAAGATTTACAGAAGATTGCCAAAAGACGAGAGAACGGAAGATCAA 
lll l l l l l Ill/l /IlIll/IIIl III Ill II /lllllIIIIIIIIIIlllllII/ 
GATGGAAGCGCCAGCAAGATTTACATAAGATTCCCGAAAG 
CCGAGAAAGGAAACGTGATCAGCCATCTGCCAGCATCTCCCTCGTCCCATCACACTACCG 
IllIllll/;I///IlIIII////IlI/II///IlllI/llllIIIIIII/IIIIIIIll 
CCGAGAAAGGAAACGTGATCAGCCATCTGCCAGCATCTCCCTCGTCCCATCACACTACCG 
tablish whether a transcript specific for a2 is produced, the 
FBDl t-21 cDNA that was used for the construction of the 
hgtl0 library was amplified by polymerase chain reaction 
with a2-specific primers (see Figure 48). Cloning and 
sequencing of the amplified cDNA revealed the existence 
of a spliced a2 transcript. The a2 mRNA contains an ORF 
of nearly the same length (38 amino acids) as found for al, 
and a 101 nucleotide intron is located at a similar position 
in the 3’untranslated region (Figure 48). The identified a7 
and a2 genes are transcribed divergently; the 3’ ends of 
their transcripts map close to the border of the dissimilar 
region (see Figure 2). Both genes are preceded by putative 
upstream regulatory elements. They comprise 11 (for al) 
and 7 (for a2) repeats of a short 9 bp DNA motif (ACAAAG- 
GGA) (see Figure 4). 
To establish the function of the short ORFs and to ad- 
dress the possible role of the repeat sequences, a series 
of deletion mutants for a7 and a2 was constructed. The 
resulting plasmids were screened for their ability to confer 
a double mater phenotype after transformation in U. 
maydis strains FB2 (for a7 constructs pHLmfalA1, 
pHLmfa1 A6, and pHLmfa1 A7) and FBl (for a2 construct 
pHLmfa2A2), respectively. The construction of plasmids 
is described in the Experimental Procedures, and the re- 
Figure 3. Nucleotide Sequences of the Border 
Regions 
The genomic DNA sequences of al and a2 at 
the left boundary region between identical and 
dissimilar DNA are shown in the upper part; 
the sequences of the right boundary region are 
shown in the lower part. The length of the non- 
homologous region is indicated in the central 
part. Identical nucleotides are denoted by verti- 
cal lines. The EcoRl site of a7 and the Nsil 
site of a2 correspond to the respective sites in 
Figure 4; all restriction sites are also shown in 
Figure 2. 
striction sites used for subcloning are indicated in Figure 
4. Deletion of the short repeated DNA sequences up- 
stream of the ORFs leads to loss of mating type activity in 
plasmids pHLmfalA6 and pHLmfaPA2 (data not shown), 
while part of the 3’ region of the a7 transcript, including the 
polyadenylation site, can be deleted without loss of activity 
in pHLmfa1 Al (see Figure 1A). Plasmid pHLmfa1 A7, how- 
ever, in which the deletion has removed the last 4 amino 
acids of the a7 ORF, is completely inactive (data not 
shown). This analysis demonstrates that full mating type 
activity requires both an intact ORF and the presence of 
the upstream repeats. 
The polypeptide products of both genes share at their 
C-terminus the sequence Cys-A-A-X, where A is an ali- 
phatic amino acid and X is any amino acid (Figure 5). 
This motif is a characteristic feature of proteins that are 
prenylated. Most notably, this motif was found in fungal 
genes that encode precursors for lipopeptide mating fac- 
tors (see Discussion). This similarity, combined with the 
small size of the predicted polypeptides, suggests that the 
respective U. maydis genes encode mating pheromone 
precursors. Accordingly, we named the genes mfal (for 
mating factor encoded by the a7 allele) and mfa2 (for mat- 
ing factor encoded by the a2 allele). 
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The nucleotide sequences of the regions conferring double mating activity are shown for mfal in (A) and for mfa2 in (6). Only restriction sites used 
for the deletion analysis are indicated; symbols in parentheses refer to the corresponding deletion constructs, e.g., the plasmid pHLmfalA6 contains 
the Fspl-Hindlll fragment. Bold letters denote the repeated sequence motifs found in both alleles, and arrows indicate their orientation. The cloned 
cDNA sequences are indicated by stippling. The splice junctions are boxed. The deduced amino acid sequences of the mfa genes are written below 
the nucleotide sequence; asterisks indicate stop codons. The mfal sequence can be joined to the border sequences shown in Figure 3 at the EcoRl 
site. The mfa2 sequence joins to the a2 border sequences in Figure 3 at the Nsil site. 
(A) Nucleotide sequence of the 1.3 kb Hpal-EcoRI fragment conferring mfal activity. The stippled area depicts the sequence of the largest mfal 
cDNA clone from a series of 11 independent cDNA clones isolated. The position of the polyadenylation site is indicated by #. The TATAA and CAAT 
sequences are underlined. A closed triangle marks the insertion site of the transposon Tn5f-l in the mfal::Tn5H#l mutant allele. 
(B) Nucleotide sequence of the 1 kb Xholl-Nsil fragment conferring mfa2 activity. The cDNA clone isolated for mfa2 was amplified by polymerase 
chain reaction with primers specific for the indicated sites. 
Phenotype of Insertion Mutants in the al Allele 
To test the phenotype of U. maydis strains lacking a func- 
tional pheromone gene and to investigate which (if any) 
role the remaining portions of the alleles play in the mating 
process, we have isolated transposon insertions in the a7 
allele in plasmid pSLlOBa1 (see Experimental Proce- 
dures). Two insertion sites were sequenced and are indi- 
cated in Figure 2. The transposon insertion mfal::Tn5H#l 
disrupts the mfal ORF between amino acids 11 and 12 
(Figure 4A). The mfal mutation was introduced into the 
haploid strain FB2 (a2 b2) by transformation. Gene re- 
placement of the a2 locus by the mutant a7 allele was 
verified by Southern analysis (not shown). The resulting 
strain RK1785 (a7 mfal::Tn5H#l b2) was tested for its 
mating behavior with haploid and diploid strains of differ- 
ent a genotypes. The mfal mutant strain was unable to 
mate with either FBl (a7 b7) or FB6a (a2 bl), but a suc- 
cessful mating reaction was observed in crosses with 
FBDl2-3 (al/a2bl/bl) (see Figure 1 B). This result demon- 
strates that a strain lacking a functional a7 pheromone 
gene is deficient in mating with haploid strains of either a 
genotype. The mating defect of the mfal mutant is over- 
come, however, when both a alleles and hence both mfa 
pheromone genes are present in the other mating partner. 
Another insertion mutant within the a7 allele (pal:: 
Tn5H#3) was located about 2.5 kb upstream of the mfal 
gene (see Figure 2). After replacement of the a2 allele in 
FB2 with this mutant a7 allele, we obtained strain RK1786 
(a7 pra7::Tn5H#3 b2). This mutant strain was completely 
deficient in its ability to mate with haploid strains and with 
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Figure 5. Alignment of the Amino Acid Sequences Encoded by mfal 
and mfa2 
Vertical lines indicate identical amino acid residues. Conservative 
changes (see legend to Figure 6) are indicated by two dots. The Cys-A- 
A-X motif at the C-terminal end is underlined. A is an aliphatic amino 
acid; X is any amino acid. 
the diploid strain FBDl2-3, which is heterozygous at the 
a locus and was able to complement the mfal mutation 
(see Figure 1 B). This suggests that the al allele contains 
a second gene whose activity is prerequisite for mating. 
The a Alleles Encode Pheromone Receptors 
By sequence analysis of the region defined by the pral:: 
Tn5H#3 mutation, it was possible to deduce an ORF for 
a polypeptide of 357 amino acids. This required proposing 
the existence of three introns of 79,70, and 85 bp, respec- 
tively. The presence of these three introns was subse- 
quently verified by polymerase chain reaction amplifica- 
tion of the spliced cDNA productswith appropriate primers 
(see Experimental Procedures). The transposon insertion 
pral::Tn5H#3 is located within the coding region (see Fig- 
ure 2). Comparison of the deduced amino acid sequence 
with sequences of the NBRF protein data bank detected 
significant similarity only to the STE3 gene product from 
S. cerevisiae, the receptor for the yeast a factor mating 
pheromone (Nakayama et al., 1985; Hagen et al., 1986). 
In particular the seven hydrophobic, potential membrane- 
spanning domains characteristic of a large group of inte- 
gral membrane receptors are conserved. Based on this 
similarity (Figure 6) and on functional tests (see below), we 
propose that this al-specific U. maydis gene encodes the 
receptor for the a2 pheromone. We have designated the 
respective gene pral (pheromone receptor encoded by 
the al allele). The existence of a receptor gene in the al 
allele prompted us to search for a related gene in the a2 
allele. By sequencing we detected an aBspecific gene that 
displays the same degree of similarity to the yeast STE3 
gene as to the pral gene. We designate this gene pra2 
(pheromone receptor encoded by the a2 allele) (Figure 6). 
To derive a contiguous ORF for pra2, we introduced two 
introns of 68 and 92 bp. The presence of these introns 
has not yet been experimentally verified; all intronlexon 
borders are, however, in good agreement with the consen- 
sus splice sites. The locations of the pral and pfa2 genes 
within the nonhomologous regions of the a locus are 
shown in Figure 2; the nucleotide sequences of these 
genes are deposited with GenBank. 
Functional Assays for the Pheromone 
and Receptor Genes 
The identification of pheromone and receptor genes in the 
a locus suggests that mating requires the specific activa- 
tion of receptors by pheromones secreted by cells of oppo- 
site mating type (see Figure 7A). We have shown that the 
introduction of either the gene for the al-specific phero- 
mone (mfal) in an a2 strain or the introduction of the a2 
pheromone gene (mfa2) in an al strain is sufficient to con- 
fer the double mater activity. This indicates that two cells 
that both express identical receptor genes can fuse, if the 
corresponding pheromone activating this receptor is pres- 
ent (see Figure 78). The resulting dikaryons were indistin- 
guishable in phenotype from a dikaryon produced by fu- 
sion of cells with different a alleles, suggesting that 
induction of filamentous growth does not require the pres- 
ence of both a-specific receptors on the cell surface. This 
pral 
pKi2 
STE3 
pral 
prat 
STE3 
346aa 
TCTENYS... 470aa 
Figure 6. Comparison of pral and pra2 with STE3 
The pral and pa2 sequences were deduced from the nucleotide sequences of the respective genes. The sequence of the STE3 gene product can 
be found in Nakayama et al. (1965) and Hagen et al. (1986). Identical residues and conservative changes are boxed, and dots indicate gaps. 
Conservative amino acids are grouped as follows: S, T; A, G; D, E; N, Q; H, K, R; I, L, M, V; F, W, Y; C; P. Open bars indicate hydrophobic domains 
in the STE3 protein (Hagen et al., 1986). The transposon insertion site of pral::TnSH#3 is denoted by a closed triangle. 
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Figure 7. Schematic Representation of Interactions between Phero- 
mones and Receptors Encoded by the a Locus 
The elongated circles represent cells; indicated are their genotypes. 
a2 cells are stippled. Genes introduced by transformation are denoted 
in parentheses. The gene products of the a locus are shown schemati- 
cally as indicated below (C). The gene products of genes introduced 
by transformation are drawn in dotted lines. Arrows indicate secretion 
of the mating factors. Pheromone binding to the specific receptors 
leads to mating competence of the cell presenting the receptor. 
(A) Mating interaction between two haploid compatible cells differing 
at both the 8 and the b loci. 
(8) Double mater phenotype of haploid a2 strains transformed with 
the pheromone gene (mk7) from the opposite a mating type. Mating 
occurs with haploid strains of both a mating types. 
(C) Haploid strains of the same a7 mating type can fuse if both are 
transformed with the receptor gene @re2) from the opposite mating 
type. 
was corroborated by introducing the mfa2 gene into the 
diploid strain FBDll-7 (al/al bl/b2). This strain shows a 
yeast-k ke appearance when grown on charcoal plates (see 
Figure lC), because heterozygosity at a is required for 
filamentous growth (Banuett and Herskowitz, 1989). After 
transformation with pHLmfaPA1, the colony morphology 
switched to FUZ+ (see Figure 1 C). Filamentous growth was 
also elicited when the mfal gene was introduced into strain 
FBDl2-17 (&/a2 bl/b2) (not shown). This indicates that 
induction of filamentous growth can be triggered by activa- 
tion of either the a7 or the a2 pheromone receptor (pro- 
vided that cells are heterozygous at b). 
This result led to the development of a functional assay 
for receptor activity. Introduction of a functional receptor 
gene into a diploid strain homozygous for the opposite a 
mating type and heterozygous at the b locus should induce 
filamentous growth, because the pheromone produced by 
this strain should now activate the newly introduced recep- 
tor. When the gene for the presumptive aBspecific recep- 
tor @ra2) was transformed into FBDl l-7 (al/al bl/b2) on 
plasmid pHLpra2 (carrying a 1.7 kb Hindlll fragment, see 
Figure 2), we observed, indeed, the predicted change in 
phenotype (see Figure 1C). The analogous experiment 
was carried out for the pra7 gene. When a 2.4 kb BspHl 
fragment (see Figure 2) encompassing pral (pHLpra1) 
was introduced into FBDl2-17 (a2h2 bl/b2), the resulting 
transformants had a Fuz+ phenotype (not shown). These 
results demonstrate that the plasmids introduced express 
functional products with properties as predicted for spe- 
cific pheromone receptors. 
The assumption that the pra genes do encode phero- 
mone receptors is further supported by the mating behav- 
ior of haploid strains transformed with the receptor gene 
specific for the other mating type. Although transformation 
of FBl (a7 b7) with the pra2 gene (plasmid pHLpra2) does 
not allow mating with an a7 b2 strain (FB6b) (see Figure 
1 D), mating does occur between the two a7 strains, if FB6b 
(a7 b2) is also transformed with the pra2 gene (pHLpra2) 
(see Figure 1 D). The transformed cells are competent for 
mating because their resident pheromone can activate the 
introduced receptor gene (Figure 7C). Mating with un- 
transformed a7 strains, however, would require a2 phero- 
mone to activate the receptors located on the surface of 
the a7 cells. 
Discussion 
The U. maydis a Mating Type Locus Is Defined 
by Nonhomologous DNA Sequences 
Molecular analysis of the a locus revealed that the a7 and 
a2 mating type alleles are defined by regions of sequence 
dissimilarity, which comprise 4.5 kb for a7 and about 8 kb 
for a2. The DNA sequences specific for a7 and a2 have no 
homology to each other and are absent from strains with 
opposite mating type. This explains why the a mating type 
is stable and why one cannot observe switching of mat- 
ing type. These conclusions have independently been 
reached by Froeliger and Leong (1991). The unique DNA 
specific for each mating type is flanked by identical se- 
quences; the transition between identity and dissimilarity 
occurs within a short stretch of 100-200 bp (Figure 3). 
There is no indication of sequence duplications or se- 
quence inversions in the two border regions that could 
provide clues to their origin. In the immediate vicinity of 
one boundary, we have, however, identified a gene that 
appears to be essential and whose transcript runs across 
the border into the dissimilar region (M. B., M. U., and 
R. K., unpublished data). Selective pressure for the func- 
tion of this gene may preserve the relatively sharp bound- 
ary between unique and identical sequences that would 
otherwise be difficult to explain by recombination and gene 
conversion events only. The structural organization of the 
U. maydis a mating type locus is thus very similar to that 
of the mating type locus described for the ascomycete 
fungusN.crassa(Glassetal., 1990;StabenandYanofsky, 
1990). 
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The a Alleles Encode Mating Pheromones 
By deletion and transcript analysis we have identified the 
mfa genes that are specific for each allele (Figure 4). These 
genes are able to confer a double mater phenotype when 
introduced into haploid strains of opposite a mating type. 
The small size and the presence of a Cys-A-A-X motif at 
the C-terminus of both the predicted polypeptides (Figure 
5) has led us to suggest that mfal and mfa2 encode precur- 
sors of prenylated mating factors that have been described 
for several fungal species. This assertion is further sup- 
ported byourobservation that the mating defect of an mfa 7 
mutant can be alleviated when both mfa genes are present 
in the mating partner (Figure 1 B), suggesting that the prod- 
ucts of the mfa genes are secreted and that endogenous 
expression of the mfa gene is not prerequisite for mating. 
The inability of mfal mutants to fuse with haploid cells 
further indicates that there is only one structural gene en- 
coding the a7 mating factor. In S. cerevisiae, two genes 
code for precursor peptides of the prenylated a factor. 
Their gene products comprise 38 and 36 amino acids, 
respectively (Brake et al., 1985; Michaelis and Herskowitz, 
1988) and thus are very similar in length to the polypep- 
tides encoded by the mfa genes of U. maydis, which we 
have identified. The mature prenylated a factor of yeast is 
a 12 residue lipopeptide; the length of the secreted U. 
maydis pheromones remains to be determined. Rhodotor- 
ucine A, the peptide mating factor of the basidiomycetous 
yeast Rhodosporidium toruloides, was the first fungal 
pheromone in which the nature of the prenyl group has 
been identified as a farnesyl residue covalently linked to 
the SH group of the C-terminal cysteine, which is also 
carboxy-methylated (Kamiya et al., 1978). Subsequently, 
the same type of modification has been detected in the 
yeast a factor (Betz et al., 1987; Anderegg et al., 1988) and 
in the tremerogens of Tremella mesenterica (Sakagami et 
al., 1979,198l) and Tremella brasiliensis (Ishibashi et al., 
1984). Both modifications at the cysteine residue are es- 
sential for the function of these pheromones (Fujino et al., 
1980; lshibashi et al., 1984; Anderegg et al., 1988). 
In R. toruloides three distinct precursor genes for the 
mating pheromone rhodotorucineA have been cloned and 
analyzed. Southern analysis revealed that these genes 
are only present in A mating type strains, but not in a 
strains (Akada et al., 1989a, 1989b). This resembles the 
situation described here for U. maydis. It is not yet known, 
however, whether the R. toruloides pheromone genes are 
part of the mating type locus and whether they are able to 
confer mating type specificity upon transformation. 
In both the mfal and mfa2 genes, short repeated 9 bp 
DNA sequences are found upstream of the transcription 
start sites. Since the consensus sequence(ACAAAGGGA) 
is identical for both mfa genes, their transcription is likely 
to be regulated by the same mechanism. It remains to be 
determined whether these elements regulate the expres- 
sion of the mfa genes in response to pheromones secreted 
by cells of the opposite mating type, as in yeast (Kronstad 
et al., 1987) or whether they are involved in sensing nutri- 
tional conditions. 
The finding that the a mating type locus of U. maydis 
encodes diffusible mating factors was surprising, since up 
to now there has been no indication for the existence of 
pheromones in this organism. Cells of opposite mating 
type do not induce a visible arrest of cell division as it can 
be observed in yeast (Sprague, 1991). Distinct morpholog- 
ical changes, such as the induction of conjugation tubes 
under the influence of mating pheromone, as reported for 
the basidiomycetous yeast R. toruloides (Abe et al., 1975) 
have never been described for U. maydis. We hope that 
the evidence for the presence of genes encoding mating 
pheromones will facilitate the design of specific experi- 
ments to visualize a pheromone response reaction. 
The Pheromone Receptor Genes 
The existence of diffusible mating factors requires that 
specific receptors exist that sense the presence of phero- 
mone secreted by cells of opposite mating type. The sim- 
plest way to achieve mating type-specific expression of 
the receptor genes in U. maydis would be to locate them 
within the mating type locus itself. Indeed, we were able 
to identify the pral gene in the a7 allele and the pa2 gene 
in the a2 allele, respectively, which both display striking 
similarity to the yeast a factor receptor gene SE3 (Naka- 
yama et al., 1985; Hagen et al., 1986; Figure 6). The two 
U. maydis receptor polypeptides show 24% amino acid 
identity; if one allows conservative exchanges, then the 
degree of similarity amounts to 40% (Figure 6). The degree 
of amino acid sequence similarity between SE3 and the 
pra genes is also in the range of 40%. Interestingly, the 
yeast receptor (STE2) specific for the unprenylated a factor 
also belongs to the same group of receptors with seven 
potential membrane-spanning domains, but has no se- 
quence similarity to the yeast SE3 receptor (Nakayama 
et al., 1985; Burkholder and Hartwell, 1985). This indicates 
that the U. maydis pheromone receptors, together with the 
yeast a factor receptor (STE3), might constitute a subfam- 
ily of related receptors specific for the recognition of pre- 
nylated peptide mating factors. The pa7 and pa2 genes 
encode polypeptides of 357 and 346 amino acids, respec- 
tively, and are therefore substantially shorter at the C-ter- 
minus than the SE3 polypeptide that comprises 470 
amino acids. By mutational analysis it has been shown, 
however, that the C-terminal 106 residues of the SE3 
gene can be deleted without loss of function (Nakayama 
et al., 1985). The remaining portion of 364 amino acids is 
thus very similar in size as the deduced pral and pra2 
polypeptides. A mutant a7 strain that lacks a functional 
pfal receptor gene is completely sterile (Figure 1 B), indi- 
cating that the pheromone receptor isessential for mating. 
Control of Cell Fusion and Hyphal Growth 
by the a Locus 
Our finding that the a mating type locus of U. maydis en- 
codes mating factors and receptors is consistent with early 
observations that the a locus controls the fusion of haploid 
cells (Rowe11 and DeVay, 1954; Rowell, 1955). This is ac- 
complished by providing the components involved in cell- 
cell recognition. We propose that the receptors located on 
the cell surface specifically bind the pheromone secreted 
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by ceils of opposite mating type and that the activated 
receptor causes a cellular response leading to mating 
competence(Figure7A). Theobservation that introduction 
of either the a2 pheromone gene or the a2 receptor gene 
into diploid strains homozygous for a7 and heterozygous 
for b elicits filamentous growth makes it very likely that 
both receptors share a common signal transduction path- 
way. Thus, the mechanism of cell-cell recognition during 
the initial stages of the mating process seems to be very 
reminiscent of the pheromone response in yeast (for re- 
viewsee Marsh et al., 1991). In U. maydis, however, activa- 
tion of the receptors obviously does not lead to cell cycle 
arrest as in yeast, since both the receptor and the phero- 
mone genes can be introduced into haploid strains of op- 
posite mating type without affecting cell viability. In S. cer- 
evisiae, analogous experiments lead to autocrine cell 
cycle arrest (Nakayama et al., 1987). 
The proposition that the a mating type in U. maydis is 
determined by specific pheromones and their receptors 
provides an explanation for the different phenotypes of 
haploid strains transformed with either the pheromone or 
the receptor gene of opposite mating type. This is sche- 
maticallyoutlined in Figure 7: cells expressing both phero- 
mone genes activate their own receptors and are therefore 
constantly mating competent. They can fuse with haploid 
cells of either a mating type, since both will be activated 
by either the al or the a2 pheromone secreted by the mfa 
transformant. Pheromone transformants therefore exhibit 
a double mater phenotype (Figure 78). Receptor trans- 
formants are also constantly mating competent, since the 
newly introduced receptor is activated by the resident 
pheromone. This is demonstrated by our observation that 
two haploid receptor transformants that differ only at the 
b locus show a clear mating reaction (Figures 1 D and 7C). 
Receptor transformants show, however, no double mater 
phenotype, since they are unable to activate cells of the 
same a mating type. 
In yeast the expression of the pheromone and receptor 
genes is restricted to haploid cells and is shut down after 
cell fusion has occurred (see Herskowitz, 1989). Since the 
a locus of U. maydis participates in the regulation of hyphal 
growth of the dikaryon (Banuett and Herskowitz, 1989), it 
is likely that the pheromone and receptor genes encoded 
by the a locus are still active even after fusion. Transforma- 
tion of a diploid strain homozygous for a7 and heterozy- 
gous for b with either the a2 pheromone gene (mfa2) or 
the a2 receptor gene @ra2) induces filamentous growth 
(Figure 1 C). This illustrates that the introduced genes must 
be active in the diploid cells and that one type of activated 
receptor is sufficient to trigger this morphological switch 
together with the regulation exerted by the heterozygous 
b locus. The observation that the pheromone action is not 
restricted to the control of the cell fusion step is reminis- 
cent of S. pombe, in which the pheromone genes also 
participate in the regulation of post-fusion events (for re- 
view see Egel et al., 1990). 
A Novel Strategy for Determination of Mating Type 
in U. maydis 
In S. cerevisiae the structural genes for the pheromones 
and for their receptors are present in both mating types. 
The cell type-specific expression of these genes is tightly 
controlled by transcriptional regulators encoded by the 
MAT locus (Herskowitz, 1989). The mating type-specific 
expression of the U. maydis pheromone genes and their 
corresponding receptor genes is achieved just by their 
location within the mating type locus itself. Although the 
matingtype lociof U. maydisand N. crassaareverysimilar 
in their genomic organization, the functions they exert are 
clearly distinct, since the mating type alleles in N. crassa 
are likely to encode regulatory proteins (Glass et al., 1990; 
Staben and Yanofsky, 1990). This illustrates that U. 
maydis has employed a novel strategy for determination 
of mating type. It thus appears that the problem of mating 
type determination in different fungal species has been 
solved in a variety of different ways. Certain key elements 
like pheromones and receptors for cell-cell recognition, 
transcriptional regulators, and mating type-specific re- 
gions of sequence dissimilarity occur in all systems stud- 
ied. These elements are, however, placed in different func- 
tional contexts and are arranged in different combinations 
to guarantee sexual development. 
Experimental Procedures 
Strains 
Escherichia coli K12 strain DH5amcr (Bethesda Research Labora- 
tories) was used as host strain for cloning. U. maydis strains FBl (al 
67), FE2 (a2 b2), FB6a (a2 bl), FB6b (a7 b2), FBDl l-7 (al/al bVb2), 
FBDlB17 (a2/a2 bl/b2), FBD12-3 (al/a2 bl/bl), and FBD77-27 (al/ 
a2 b2/b2) have been described (Eanuett and Herskowitz, 1969). RK32 
(a2 b3) has been described (Schulz et al., 1990). RK1765 is a7 mfal:: 
TnSH#l b2 (this work): RK1766 is a7 pral::Tn5H#3 b2 (this work). 
Genomic and cDNA Libraries 
A cosmid library derived from strain FBDll-21 was constructed in 
pCU3N and was kindly provided by M. Dahl. pCU3N is a derivative 
of pCU3 (kindly provided by S. Leong; Kronstad and Leong, 1989). 
Genomic DNA was partially digested with SauSA, size fractionated, 
and ligated in pCU3N. The DNA was packaged in vitro and used to 
infect E. coli strain DHSamcr. Single transformants were picked and 
transferred to microtiter plates. Twelve pools of 96 transformants were 
used to prepare DNA, which was linearized by partial digestion with 
Hindlll in the presence of ethidium bromide (Parker et al., 1977) and 
transformed into strain FB2. A plasmid library from FBDli-21 con- 
taining size-fractionated 8 kb BamHl fragments cloned into pHLN was 
prepared as described previously (Schulz et al., 1990). The U. maydis 
genomic hEMBL3 library derived from strain RK32 (a2 b3) was de- 
scribed earlier (Schulz et al., 1990). A cDNA library of strain FBDll-21 
(al/a2 b2/b2) was constructed in IgtlO by using a cDNA cloning sys- 
tem obtained by Amersham, according to the manufacturer’s instruc- 
tions. 
Cloning of the al and a2 Alleles 
The cosmid library derived from FBDll-21 was transformed in FB2, 
and transformants were screened for double maters by replica mating 
onto FBl and FB6a. A single cosmid transformant could be isolated 
that behaved as expected. Parts of the cosmid containing the bacterial 
origin of replication, the ampicillin resistance gene, and flanking se- 
quences were recovered by digesting total DNAwith BarnHI. religating, 
and cloning in E. coli. Sequences flanking the vector were used as a 
probe to identify the respective cosmid clone in the original library. 
This clone, pCUdN-al, contained a large insertion of about 40 kb 
and was able to confer a7 activity when transformed into a2 strains. 
Hybridization analysis revealed, however, that pCUSN-al contained 
DNA fragments of different chromosomal origin. By using fragments 
of pCUSN-al as probe, the entire a7 allele could be shown to reside 
on a 10 kb BamHl fragment. A clone (pHLNlOB-al) containing this 
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fragment was isolated from the size-fractionated pHLN library derived 
from strain FBDll-21. The a2 allele was cloned on overlapping h 
phages Sa2-1 to ha2-8. They were identified by probing the lEMBL3 
library derived from RK32 (a2 b3) with the 10 kb BamHl fragment 
encompassing the al allele. 
Plasmids and Plasmid Constructions 
For subcloning and sequencing, plasmids pTZ18R, pSLl180 (Phar- 
macia), and pSP72 (Promega) were used. For transformation of U. 
maydis, pHLN (Schulz et al., 1990) was used. To ease subcloning, 
pHLNH, in which the Hindlll site downstream of hygB is deleted, was 
used (Gillissen et al., 1992). 
pTZlOB-al is a derivative of pTZ18R and contains the same 10 kb 
BamHl fragment as pHLNlOB-al. This plasmid was used for all further 
subcloning and sequencing of the a7 allele. 
pHLNGB-a2 is a derivative of pHLN and was constructed by cloning 
a 6 kb BamHl fragment from 1a2-2 carrying a2 activity. 
For the construction of the following plasmids, some of the respec- 
tive fragments were cloned first into polylinkers of either pTZ18R or 
pSP72 to generate convenient restriction sites. The intermediate vec- 
tors used are indicated in parentheses. pHLmfalA1: a 1 .l kb Hpal- 
Hindlll fragment from pTZlOB-al was cloned as a Bglll-Hindlll frag- 
ment (pSP72) into pHLNH. pHLmfalA6: a 660 bp Fspl-Hindlll frag- 
ment from pTZlOB-al was cloned as a Bglll-Hindlll fragment (pSP72) 
into pHLNH. pHLmfalA7: a 1.4 kb Sacl-Pvull fragment from pTZlOB- 
al was cloned as a BamHI-Bglll fragment (pSP72) into the BamHl site 
of pHLN. pHLmfa2Al: a 1 kb Xholl-Nsil fragment from pHLNGB-a2 
was cloned as a BamHI-Hindlll fragment (pTZ18R) into pHLNH. 
pHLmfa2A2: a 700 bp Pstl-Nsil fragment from pHLNGB-a2 was cloned 
a% a EarnHI-Hindlll fragment (pTZ18R) into pHLNH. pHLpra1: a 2.4 
kb BspHl fragment from pTZlOB-al was cloned as a BamHI-Hindlll 
fragment (pTZ18R) into pHLNH. pHLpra2: a 1.7 kb Hindlll fragment 
from ha2-2 was cloned into pHLNH. 
Construction of Insertion Mutants in the al Allele 
The 10 kb BamHl fragment carrying the a7 allele was recloned in 
pSLl180 to yield plasmid pSLlOB-al, which was mutagenized in E. 
coli by random insertions of the modified transposon Tn5H. This 
transposon is derived from TnSseq (Nag et al., 1988) and carries, in 
addition to the kanamycin gene, the hygromycin resistance gene under 
thecontrolofthe U. maydis hsp70promoter. Detailsoftheconstruction 
and the mutagenesis procedure will be described elsewhere (M. U. 
and R. K., unpublished data). The insertion sites were sequenced and 
are indicated in Figures 4 and 6. The plasmids were linearized with 
Mlul and introduced into FB2 (a2 b2). Replacement of the endogenous 
a2 allele by the mutated a7 alleles was verified by Southern analysis. 
DNA Procedures 
Isolation of U. maydis DNA was performed as described earlier (Schulz 
et al.. 1990). Radioactive labeling was done by random primed synthe- 
sis as described by Feinberg and Vogelstein (1983). For sequencing, 
DNA was subcloned in either pTZ18R or pSP72. Alkali denatured plas- 
mid DNA was used for nucleotide sequencing by the dideoxy chain 
termination method (Sanger et al., 1977) with modified T7 DNA poly 
merase (Pharmacia). Standard procedures were performed as de- 
scribed (Sambrook et al., 1989). 
RNA Isolation and Amplification of cDNA 
Total RNA from U. maydis strain FBDll-21 (a7/a2 b2/b2) grown in 
YEPS medium was isolated according to Kdhler and Domdey (1991). 
Poly(A)’ RNA was prepared as described (Sambrook et al., 1989). 
cDNA was prepared according to Huynh et al. (1985). The following 
mfa2specific primers were used (priming sites are indicated in Fig- 
ure 48). 
Primer 1: 5’-AGGGATCCAGAACACCTCATCACGTCC-3’. 
Primer 2: S’CCATGGATCCGGCACATGACAGTCGGAGAG-3: 
For amplification of the pral cDNA, the following primers were used. 
Primer 3: S-CTGCGGATCCAGCTCCAGCCTATTGC-3’. 
Primer 4: 5’-GGCGGATCCAGTAATCGTCGTGAGTC-3’. 
Primer 5: 5’-CCAGGATCCCTTGGAATTGACGGCGAC-3’. 
Primer 6: 5’GTTGGATCCGAATGTGTCGTGAGACCG-3’. 
Primers 3 and 4 are complementary to sequences located upstream 
of the first and second intron, respectively: primers 5 and 6 are comple- 
mentary to sequences downstream of the second and third intron, and 
their orientation is opposed to that of primers 3 and 4. They were used 
in all possible combinations. About 10 ng of double-stranded cDNA 
was amplified by 50 cycles of polymerase chain reaction using Taq 
polymerase (Cetus). The amplified fragments were purified, digested 
with BarnHI, and cloned in pTZ18R for sequencing. 
Growth Conditions for U. maydis 
Strains were grown at 28% in YEPS medium (Tsukuda et al., 1988). 
The mating reaction was observed by cospotting on charcoal- 
containing plates (Holliday, 1974; Banuett and Herskowitz, 1989). 
Transformation of U. maydis 
Linearized plasmid DNA was transformed mto U. maydis as described 
by Schulz et al. (1990). For regeneration of protoplasts. transformation 
mixtures were plated directly on plates containing 10 ml of 1.5% agar 
in YEPS, 1 M sorbitol, 400 nglml hygromyctn overlaid with IO ml of 
1.5% agar in YEPS, 1 M sorbitol shortly before use. 
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